Abstract Increasing evidence suggests that breast cancer is caused by cancer stem cells and the cure of breast cancer requires eradication of breast cancer stem cells. In this study, we established and characterized a sphere culture model derived from side population cells from the human breast cancer cell line MCF7. The sphere culture could be maintained long term and was enriched in cells expressing known breast cancer stem cell marker CD44 + CD24 -. These sphere cells showed higher colony formation ability in vitro and higher tumorigenicity in vivo than MCF7 cells, suggesting the enrichment of breast cancer stem/progenitor cells. To identify compounds that preferentially inhibit the sphere cells, we performed a compound library screening. Two lead compounds, NSC24076 and NSC125034 and an analog of NSC125034, 8-quinolinol (8Q), were identified as having preferential activity against the sphere cells. 8Q showed some antitumor activity alone but had much better therapeutic effect and relapse prevention when combined with paclitaxel than either 8Q or paclitaxel alone in both MCF7 and MDA-MB-435 xenograft models. We propose that compounds selectively targeting cancer stem/progenitor cells when combined with standard chemotherapy drugs may produce an improved treatment of cancer without significant relapse.
Introduction
Cancer stem cells, defined as a small population of cancer cells that are capable of giving rise to a new tumor, were first demonstrated in acute myelogenous leukemia in 1994 by John Dick and colleagues [1] [2] [3] . However, cancer stem cell research did not draw much attention until the first solid tumor stem cells, breast cancer stem cells, were reported in 2003 by Clarke and colleagues [4] . These authors isolated a population of highly tumorigenic cells from human breast cancer clinical specimens [4] . This highly tumorigenic subpopulation expressed the CD44 + CD24 -surface markers and had a high capacity to form tumors in NOD/SCID mice. As few as one hundred CD44 + CD24 -cells were able to generate tumors, whereas tens of thousands of the CD44 -/CD24 + cells failed to do so [4] . Cancer stem cells have since been identified in different tumors, including human brain tumor [5] [6] [7] [8] , multiple myeloma [9] , colon cancer [10, 11] , head and neck cancer [12] and pancreatic cancer [13] .
The cancer stem cell research is important as it may provide new approaches for cancer treatment. The existing cancer chemotherapy drugs mainly inhibit the bulk growing tumor cells [2, [14] [15] [16] [17] but have no or little effect on cancer stem cells due to quiescence of cancer stem cells and their high expression of ABC transporters, which are capable of extruding commonly used drugs [16, 18, 19] . It has been reported that both leukemia stem cells and glioblastoma stem cells have decreased sensitivity to commonly used clinical drugs [16, 19, 20] . Even imatinib (Gleevec), an effective drug for chronic myeloid leukemia (CML), was unable to eradiate CML stem cells [21, 22] .
One approach to targeting cancer stem cells is to inhibit signaling pathways preferentially important for cancer stem cells. For instance, Jordan and colleague demonstrated a constitutive activation of nuclear factor-jB (NFjB) pathway in primitive AML cells [23] . NF-jB pathway inhibitors, including parthenolide and its analog dimethylamino-parthenolide, MG-132, 4-benzyl, 2-methyl, 1,2,4-thiadiazolidine, 3,5 dione (TDZD-8), can selectively induce apoptosis in leukemia stem cells but not normal hematopoietic stem cells [23] [24] [25] [26] [27] . The importance of the NF-jB pathway has also been shown for breast cancer stem-like cells in our recent work [28] . In addition, our previous work also identified PTEN/mTOR/STAT3 pathway being important from breast cancer stem-like cells, which could be inhibited to preferentially target breast cancer stem-like cells [29] . Another promising approach is to screen small molecule drug library on cancer stem cells, but no such study has been reported so far.
Human breast cancer is the most common malignancy among women in Western countries [30, 31] . Sphere culture method was widely used in neural stem cell research and proved to enrich stem cells [32] [33] [34] . Sphere culture method has been successfully used to isolate and culture brain and colon cancer stem cells [5, 7, 11, 35] . Very recently, sphere culture method was also used to culture and enrich human normal breast stem cells [36] [37] [38] and breast cancer stem cells [39, 40] . In this study, we established a long-term sphere culture from side population (SP) cells, which are a rare population of cells with high efflux activity for Hoechst dye 33324 first defined by Goodell and colleagues in hematopoietic system [41] and are known to enrich stem cells in normal and cancer tissues or cancer cell lines [29, [41] [42] [43] [44] [45] [46] [47] . The sphere cells derived from the SP cells share characteristics of cancer stem cells, including higher expression of breast cancer stem cell surface markers CD44 + CD24 -and increased colony formation and tumorigenicity. Two lead compounds, NSC24076 and NSC125034, were identified that preferentially inhibit sphere cell proliferation. An analog of NSC125034, 8-quinolinol (8Q) was further evaluated and showed significant tumor growth inhibition and marked synergistic effects in combination with paclitaxel in tumor xenograft mouse models. Our study suggests that the sphere cells could be used as a model for identifying compounds that preferentially inhibit breast cancer stem/ progenitor cells.
Materials and methods

Cell culture
Human breast cancer cell line MCF7 cells, MDA-MB-435 cells were obtained from ATCC (American Type Culture Collection). Cells were grown in DMEM medium (Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen), 100 units/ml penicillin and 100 lg/streptomycin (Invitrogen), in a 37°C incubator containing 5% CO 2. To culture sphere cells, SP cells were sorted first from MCF7 cells as described below. Sphere cell culture was performed according to published protocols with modifications [36, 40] . Briefly, single cells were plated in ultra-low attachment plates (Corning, NY) at a density of 20,000 viable cells/ml in primary culture and 1,000 cells/ ml in subsequent passages. Cells were grown in a serumfree mammary epithelial growth medium without bovine pituitary extract (MEGM, BioWhittaker), supplemented with B27 (Invitrogen), 20 ng/ml and EGF and 20 ng/ml bFGF (BD Biosciences). In order to passage sphere cells, spheres were collected into 15 ml conic tube and allowed to settle for 15 min. Supernatant was removed. Sphere cells were dissociated with 0.05% trypsin, 0.5 mM EDTA (Invitrogen) and by a glass Pasteur pipette. The cells were passed through a 40-lm sieve and analyzed microscopically for single cells and subjected to experiments. All the sphere cells used in this study were within 20 generations.
Hoechst 33342 staining and flow cytometry analysis/ sorting, colony formation assay, tumorigenicity, cell proliferation assay, cell cycle analysis The detailed procedures have been described in our recent paper [29] .
Antibody staining
The antibody staining was performed after Hoechst dye staining. For sphere cell surface marker analysis, sphere cells were dissociated into single cells as above and cells were aliquoted, washed and resuspended with washing/ staining buffer (PBS supplemented with 1% bovine serum albumin and 0.1% azide). Antibodies used in this study included CD44-PE-Cy5 (eBioscience, San Diego) and CD24-PE (eBioscience, San Diego). The antibody staining was performed on ice for 30 min, after which cells were washed with washing/staining buffer for 3 times. Cells stained with antibodies were kept on ice until flow cytometry analysis (Dako Cytomation, Fort Collins, CO. USA).
Compound library screen
Small-molecule library used in this study was from the NCI/ NIH. The NCI Structural Diversity Set is a library consisting of 1,992 compounds selected from approximately 140,000-compound NCI drug depository. These compounds were selected based on various criteria including drug-like structure, uniqueness of pharmacophore, and anticancer activity as determined by cell growth inhibition assays against a panel of human tumor cell lines. Detailed data on the selection, structures, and activities of these diversity set compounds can be found on the NCI Developmental Therapeutics Program web site (http://dtp.nci.nih.gov/index.html). A fluorescencebased cell proliferation assay (CyQUANT Cell Proliferation Assay Kit, Molecular Probes) was used for cell proliferation determination in the screening experiments. Briefly, both MCF7 and sphere cells were seeded into 96-well culture plates at 500 cells per well in DMEM medium supplemented with 10% FBS. Cells were treated with compounds from the compound library overnight after seeding and further incubated for 72 h. Then, the cell proliferation was determined. Fluorescence signal was detected by a Bio-assay reader (BioRad, USA) according to the manufacturer's instructions.
Nuclear extract preparation and quantification of NF-jB activation
The detailed procedures were performed as described previously [28] .
Antitumor assay in xenograft models
Female athymic nude mice (NCR-nu/nu, NCI) were housed under specific pathogen-free conditions. The in vivo experiments were performed in accordance with the guidelines of our institute. For the MCF7 xenograft study, mice were given injections of b-estradiol (Sigma) dissolved in pure sesame oil (0.1 mg per 0.05 ml sesame oil per mouse, subcutaneously over rump) 1 day before injection of MCF7 cells and then at weekly intervals [48, 49] . Mice were inoculated in fatpad with 2 9 10 7 MCF7 cells. For MDA-MB-435 xenograft study, mice were injected with 2 9 10 6 MDA-MB-435 tumor cells subcutaneously. When the tumor volumes reached 100-200 mm 3 , mice were randomly divided into groups such that each group harbored tumors of a similar size. Stock solutions of paclitaxel and 8-quinolinol (8Q) were prepared by dissolving the drugs in a vehicle solution (EtOH:cremophor, 50:50 v/v). Vehicle or paclitaxel alone, 8Q alone and 8Q in combination with paclitaxel stock solution were mixed with saline (10:90 v/v). 8Q at 20 mg/kg or paclitaxel at 15 mg/kg or the two in combination was given by tail vein injection twice weekly for 4 weeks. Tumor size measurements were done twice a week using traceable digital vernier calipers (Fisher). The tumor volumes were determined by measuring the length (l) and the width (w) and calculating the volume (V = lw 2 /2).
Statistical analysis
The growth inhibition effects were compared by Student's t test (* P \ 0.01; ** P \ 0.001; *** P \ 0.0001). One-way ANOVA analysis was performed to determine the statistical significance of treatment related changes in tumor volume in mice. Software R package was used for statistical calculation.
Results
Characterization of SP derived sphere cells
Sphere cells cultured from MCF7 cells were reported to enrich breast cancer stem/progenitor cells [39, 40] . We noted that sphere cells cultured directly from MCF7 cells often could not be passaged for more than 5 to 10 generations (data not shown). Since SP cells were more capable of forming sphere cells than bulk cells in normal breast stem cell study [36] and neurosphere cells cultured from SP cells were found to be enriched in more stem cells than neurosphere cells directly derived from bulk patient samples [33] , we evaluated the possibility of obtaining long-term culturable sphere cells from SP cells. Thus, we isolated the MCF7 SP cells by flow cytometry and cultured sphere cells according to the reported protocols [36, 40] with some modifications as described in the Methods. Indeed, we successfully obtained long-term culturable sphere cells (Fig. 1a) , which could be maintained in culture for more than 3 years. In contrast, sphere cells cultured from non-SP cells failed to passage for more than 5 generations. The sphere cells cultured using this method contained higher percentage of cells expressing the breast cancer stem cell surface marker CD44 + CD24
-(78.5% for sphere cells compared with 1.8% for MCF7 parental cells) (Fig. 1b) . The sphere cells showed much higher colony formation ability by 10.9 (352.0 vs. 32.3) fold increase than MCF7 cells (Fig. 1c) . The sphere cells also had higher tumorigenicity than MCF7 cells, indicating the sphere cells enrich cancer stem/progenitor cells. Four of five and three of five NOD/SCID mice had tumors 8 weeks after inoculation of the sphere cells (2nd generation) at 150,000 and 15,000, respectively, while only two of five and none of five mice that received the MCF7 parental cells at the same numbers gave rise to new tumors.
Sphere cells are resistant to cancer drugs
Cancer stem cells are resistant to current cancer drugs, which are traditionally developed based on activity against bulk
actively growing cancer cells [14-16, 19-22, 44, 47, 50] . To test the drug sensitivity of the sphere cells to cancer drugs, both MCF7 parental cells and sphere cells were seeded into 96 well plates and treated with adriamycin, mitomycin C, and paclitaxel, at indicated concentrations for 3 days. The growth inhibition effects were determined using MTT assay. As shown in Fig. 2 , compared to MCF7 cells, the sphere cells were resistant to all the drugs tested. For instance, paclitaxel at a concentration of 2.5 nM inhibited MCF7 cells by 44.5% but by 6.1% for the sphere cells. Similar resistance in sphere cells was shown for adriamycin and mitomycin C (Fig. 2) .
Identification of compounds that preferentially inhibit sphere cells by compound library screening
To identify compounds that preferentially inhibit sphere cells over MCF7 cells, we screened the NCI diversity set compound library, which consists of about 2000 compounds. Interestingly, two lead compounds, NSC125034 and NSC24076 (Fig. 3a) , were found to have better growth Statistics was calculated by Student t test. * P \ 0.05; ** P \ 0.005 inhibition effect on the sphere cells than on MCF7 cells in a dose dependent manner. As shown in Fig. 3b , NSC125034 at 25 and 50 lM could inhibit sphere cell proliferation by 33.5 and 75.5%, respectively, compared with 0.1 and 26.6% for MCF7 cells. Another compound, NSC24076, showed even better effects, which could inhibit sphere cell proliferation by 13.0, 60.3 and 85.9% at concentrations of 0.5, 1 and 5 lM, respectively (Fig. 3c) . In contrast, NSC24076 did not show inhibitory effects on MCF7 cells at 0.5 and 1 lM and only inhibited MCF7 cell proliferation by 22.7% at 5 lM (Fig. 3c) . We further tested some analogs of NSC125034 and found 8-Quinolinol (8Q) had similar activity on the sphere cells as NSC125034 (Fig. 3a  and d) . We found 8Q at 5 lM inhibited the sphere cell proliferation by 86% but inhibited MCF7 cells by 30% (Fig. 3d) . 8Q was chosen for further study below.
8Q inhibits the NF-jB activity within sphere cells 8Q was known to inhibit the NF-jB activation in RAW 264.7 cells [51] . It is possible that 8Q functions as a NF-jB inhibitor and inhibits the sphere cell proliferation through the NF-jB pathway. Thus, we determined the NF-jB activity in both MCF7 and sphere cells treated with 8Q. An ELISA-based method (Trans-AM NF-jB; ActiveMotif, Carlsbad, CA) was used because of its high sensitivity to detect and quantify NF-jB activation [52] . Indeed, 8Q significantly inhibited the NF-jB activity in both MCF7 and sphere cells. Treatment with 8Q at 25 lM was able to inhibit the NF-jB activity by 56.0% (0.29 vs. 0.70) for the sphere cells and 42.1% (0.30 vs. 0.53) for MCF7 cells.
Antitumor activity of 8Q in the mouse tumor xenograft models
We further evaluated the antitumor activity of 8Q in breast cancer xenograft models either alone or in combination with the clinical drug paclitaxel. The toxicity of the compound 8Q is modest according to U.S. National Toxicology Program acute toxicity studies (http://www.pesticideinfo.org/ List_NTPStudies.jsp?Rec_Id = PC34299). 8Q when given through the tail vein at a dose of 20 mg/kg did not show significant toxicity as judged by lack of apparent symptoms and body weight loss (data not shown). As shown in Fig. 4a , b, 8Q alone had weak antitumor activity in both mouse models, but the 8Q + paclitaxel group had significantly better effect than either 8Q (P\0.005) or paclitaxel alone (P \ 0.005). In particular, the paclitaxel only treated group relapsed soon after treatment was stopped (Fig. 4a, b) whereas tumors in mice treated with combination of paclitaxel and 8Q had no apparent relapse or regrowth. These data suggest that, unlike paclitaxel which did not prevent relapse, cancer stem cell active compound 8Q had better therapeutic effect and more importantly reduced relapse when combined with paclitaxel.
Discussion
Recent studies suggest that cancer stem cells are the root of cancer and long term remission requires the eradication of cancer stem cells [2, [14] [15] [16] [17] . The existing chemotherapy drugs, which were traditionally developed on bulk actively growing cancer cells, may not be able to eradicate cancer stem cells efficiently [16, 19-22, 44, 47, 50] . New approaches including feasible cancer stem cell models are needed for cancer stem cell research. Currently, most cancer stem cells were identified in primary patient samples, which are of limited supply and pose significant difficulty for cancer stem cell research. However, cancer stem/progenitor cells from some exiting cell lines may provide a useful source for cancer stem cell research because of its unlimited availability and ease of handling. In this study, by culturing sphere cells from MCF7 SP cells instead of bulk cells, we obtained long-term culturable sphere cells, which could be passaged and maintained in culture for up to 3 years. In contrast, we failed to culture sphere cells derived from bulk MCF7 cells for more than 5-10 generations. Similar to the reported sphere cells [39, 40] , the sphere cells cultured from SP cells were enriched in cells expressing known breast cancer stem cell surface markers CD44 + CD24 -and had higher tumorigenicity in mice (Fig. 1) , suggesting the sphere cells enrich breast cancer stem/progenitor cells.
In this study the sphere cells were found to be resistant to different cancer drugs, a finding that is consistent with previous observations on other cancer stem cells [16, 19-22, 44, 47, 50] . Here we performed a compound library screening and identified two lead compounds, NSC24076, NSC125034 and 8Q, an analog of NSC125034, which showed better inhibition effect on the sphere cells than MCF7 cells (Fig. 3) . We further investigated the mechanism of action of 8Q. 8Q is known to be a metal chelator [53] , which can form a complex with copper and induce apoptosis in cancer cells through NFjB signaling [51, 53] . NF-jB pathway is a major mediator of cell survival and is often inactive in most cell types [23, 54] . However, upon activation by various stimuli, the regulatory molecule IkBa is degraded and NF-jB is translocated to the nucleus and forms an active transcriptional complex which leads to transcription of various downstream genes [55] . Interestingly, our recent study suggested that some NF-jB pathway specific inhibitors including parthenolide (PTL), pyrrolidinedithiocarbamate (PDTC) and diethyldithiocarbamate (DETC) can selectively inhibit breast cancer stem/ progenitor cells [28] . These studies suggest that the NF-jB pathway might be preferentially important for sphere cell proliferation and survival. This finding is consistent with the previous observation that the NF-jB pathway is essential for leukemia stem cell survival [23] [24] [25] [26] [27] . However, we found that while 8Q inhibited the NF-jB activity within sphere cells, its inhibitory effect on NF-kB is only slightly higher for sphere cells (56%) than for MCF7 cells (42%) (P = 0.09). Since epigenetic regulation is important for cancer stem cells [56] [57] [58] , it is possible that 8Q may act as a histone deacetylase inhibitor to selectively inhibit breast cancer stem/progenitor cells [59] . Further studies are needed to confirm the mechanism of action of 8Q on cancer stem cells.
It is interesting that 8Q alone showed some weak antitumor effects but the combination of 8Q and paclitaxel produced much better antitumor effects than either 8Q or paclitaxel alone in both MCF7 and MDA-MB-435 xenograft models. It is possible that cancer stem cells are a minor population of cells among bulk tumor cells thus cancer stem cell active compound 8Q alone may not show significant antitumor effects in the treatment experiment. In contrast, the current clinical cancer drugs like paclitaxel, which are developed based extensively on activity for bulk replicating cancer cells, have significant effects on reducing tumor size. However, tumor in paclitaxel alone treatment group relapsed soon after treatment was discontinued (Fig. 4a, b) . This is most likely because paclitaxel, while killing bulk replicating cancer cells, can not eliminate cancer stem cells, as shown in our recent study [28] , a finding that is also consistent with recent clinical studies that paclitaxel does not have clinical benefit for metastatic breast cancer [60] . Therefore, combination of the current chemotherapy drugs with drugs that specifically target cancer stem cells will not only produce better chemotherapeutic effects than either drug alone but also prevent tumor relapse after treatment is stopped. This study suggests combination of current therapy with compounds that target cancer stem cells may be a more effective approach to eradicating tumors.
There are some limitations of this study. MCF7 cells have been propagated in vitro for many years and may not accurately reflect the behavior of human breast cancer in patients. In addition, the current breast cancer stem cell models using CD44 + /CD24 -surface markers, SP and sphere culture have limitations as each model probably only captures one subpopulation of the cancer stem cells and thus, these methods have not been universally accepted. However, no breast cancer stem cell research can be performed at this time without the use of these models. Furthermore, the sphere cells are heterogeneous, and this study may underestimate the differences between breast cancer stem cells and normal cancer cells [39] and the drug screens using the sphere model may also have some limitations. Further validation on cancer stem cells from patient specimens is needed in future studies.
In summary, this study has demonstrated that the sphere cells derived from SP cells are enriched in cancer stem/ progenitor cells and could be used as a model to identify compounds that preferentially inhibit cancer stem/progenitor cells. An important finding of this study is that although cancer stem cell active compound 8Q by itself had limited anticancer activity, the combination of 8Q with the current cancer drug paclitaxel produced a better therapeutic effect with no apparent relapse than either agent alone. Based on this encouraging finding, we propose a new treatment concept of combining cancer stem cell active compounds with current cancer drugs that inhibit or kill bulk growing cancer cells for improved treatment of different cancers. This concept needs to be further evaluated and validated in future clinical studies.
